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CHAPTER 1

INTRODUCTION

1.1. Preface
Wireless mobile communication services have demanded fast, reliable, and inexpensive
wireless access for their customers. Since 1990, data rates have exponentially increased and it is
forecast to do so in the future. This has led current and next generation cellular base station designs
to handle high speed wireless and internet services to the majority of the client base, which has
allowed simple, high gain antennas to dominate the design space. However, there is an increasing
need to create an improved design for the next generation of wireless. Since consumers wish to
have faster, more reliable, and less expensive wireless services, many base station designs have
been tasked with removing the mechanical tilting of the highly directive antennas and to replace
them with an electronically tilted structure over a wide frequency band.
This mechanical tilting mechanism is necessary for the majority of transmitted power to be
visible to the clients on the ground. The transmitted power needs to be directed and concentrated
towards the user in order for the receiving antennas to be within the angular coverage of the base
station. In order to achieve this, previous literature has been concerned with manipulating these
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base station antennas to realize a tilted, directive beam [1-22]. The primary method uses a
metamaterial to manipulate the radiation patterns of these antennas. The metamaterial changes the
refractive index allowing the antenna to electronically tilt the radiation pattern. This circumvents
the need for the mechanical tilting.
The primary metamaterial used is an electromagnetic bandgap (EBG) material [14]-[15],
[18]-[23], which is a periodic structure with unit cells made up of substrates and conductors that
change the refractive index of the resultant engineered material. When the radiating antenna
element is loaded with the aforementioned material, the change in refractive index causes the main
beam to be tilted. However, using the EBG structure has two main drawbacks. First, it requires a
minimum number of unit cells which increases the physical dimensions of the antenna. The
increase in overall size might offset the savings provided by removing the mechanical tilting
structure. In [14] it was shown that more EBG columns resulted in more beam tilt with a reported
maximum tilt of 19° at the price of increased sidelobe levels. Second, such engineered materials
typically have a limited frequency bandwidth, over which the designed refractive indices can be
retained. The research presented in [14] shows that up to 5.5% fractional bandwidth can be realized
using this engineered material. This is unacceptable because base stations need access to a wide
range of frequencies. These two issues prevent EBG materials from being a solution to the design
challenge.
While using an EBG material allows for a tilted main beam, it also sacrifices other antenna
characteristics, such as the sidelobe levels as mentioned earlier. As such, another adaptation needs
to be proposed. Since base station antennas need to be small and are typically set up in arrays,
using an EBG material could affect their overall performance. Instead, the solution for this problem
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lies in the physical modification of the popular omnidirectional type antennas such as
broadband bowtie antennas.
Bowtie antennas are good candidates for mobile communication systems due to their
broadband behavior, their ease of manufacture, and for their similarities to dipole and biconical
antennas. Their radiation characteristics are well known, and multiple research have used these
bowtie antennas to achieve a wide bandwidth [1]-[11], [13]-[17], [19], [22], and [24]. However,
exciting a standard printed bowtie antenna does not yield a tilted radiation pattern [1], as required
in newer mobile base stations. Therefore, the antenna must be modified in order to support a tilted
pattern. In contrast to the EBG material, this new change only affects the bowtie’s geometry, which
results in an asymmetric current distribution on the antenna arms. This asymmetric current
distribution is key to the tiled radiation patterns which will be demonstrated in Chapter 3. Despite
this change, the wideband nature of the bowtie antenna is preserved to a large extent and an easily
controllable tilting mechanism can be achieved. As such, this small alteration would be a much
better fit for the next generation of base stations over the EBG design.
These enhancements would complement the tilted radiation pattern, which is shown later
to be tilted even further than the previous design. Further alterations can be done to improve the
performance of this new design. For example, better matching and radiation patterns can be
achieved with an elliptical bowtie rather than a triangular bowtie, a shaped reflector can be utilized
to reduce back lobe radiation, and design scaling is easier thanks to the decreased design
complexity. Thus, the proposed tilted equi-phase line technique in this thesis would provide a
better solution to the mechanical tilting problem than using an EBG material with a limited
frequency bandwidth.
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1.2. Research Objective
A bowtie antenna will be geometrically modified in order to generate a tilted radiation
pattern without the use of an engineered material. This will affect the antenna’s current distribution
which results in a tilted equi-phase line. With such a slanted equi-phase line, a tilted radiation
pattern can be achieved. Further geometrical changes can improve the tilting magnitude as well as
the antenna’s impedance bandwidth. Such changes include the subtended angle, the length of the
antenna, swapping the triangular geometry with an elliptical antenna, and the elliptical antenna’s
axial ratio. This new asymmetric half-bowtie antenna will result in a tilted radiation pattern and
have a wide impedance bandwidth. This new design will be etched on a dielectric slab with a
shaped ground plane in order to adapt the antenna for base station designs. The shaped ground
plane will help the antenna to achieve a front-to-back ratio of 10 dB as well as further impedance
bandwidth improvements.

1.3. Structure of the Thesis
The research presented here focuses on modifying a symmetric bowtie antenna. A brief
background theory on bowtie antennas along with a literature review on titled beams based on
engineered conductors will be provided in Chapter 2, where the concept of equi-phase line will
also be introduced. The initial “control” on the aforementioned line will be done on a triangular
bowtie antenna in a free space environment and will be presented in Chapter 3. The impacts of
antenna length, gap width, and subtended angle on the antenna’s radiation characteristics will be
studied. Further testing using an elliptical geometry will be done in order to investigate the
improvements gained by swapping one antenna geometry to another. Similar studies to those done
in the triangular antenna will be carried out in order to understand the behavior of the elliptical
bowtie antenna.
4

The modified structure will be an asymmetric, half bowtie antenna in a free space
environment and will be studied in Chapter 4. This new structure allows for a tilted radiation
pattern while maintaining the large bandwidth of the traditional bowtie antenna. It will be shown
that the various surface current distributions will lead to different equi-phase line behavior. The
testing done in Chapter 3 will be repeated in order to understand the impact of the geometrical
change on the antenna’s radiation characteristics. Furthermore, the geometrical change will be
applied to the elliptical geometry in order to study its behavior in relation to the triangular antenna.
From there, the free space designs will be etched on a dielectric substrate with a shaped
ground plane in Chapters 5 and 6. Chapter 5 focuses on adapting the half triangle antenna to a
previously published printed full bowtie antenna design and studying the changes in the antenna’s
radiation characteristics. Further testing will be conducted on the shaped ground plane to
investigate its effects on the antenna’s radiation characteristics. Chapter 6 will replace the
triangular antenna with the elliptical geometry and its effect on the antenna’s performance. Further
observations on the shaped ground plane will lead to a finalized design that has a tilted radiation
pattern over a wide impedance bandwidth. Also, in Chapter 6 a scaled version of this antenna will
be numerically studied for practical testing. This will be done by changing the dielectric substrate
that the antenna design is etched on and scaling the antenna parameters accordingly. Chapter 7
reports the fabricated antenna design along with the measurement results. Finally, concluding
remarks and future work for further improvement of this antenna design will be summarized in
Chapter 8.
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2.

CHAPTER 2

LITERATURE REVIEW AND BACKGROUND THEORY

2.1. Tilted Beams with Engineered Materials
Metamaterials and electromagnetic bandgap structures have been widely used to tilt the
main beam of an antenna, especially for base station tilting applications. Thus, it is worthwhile
reviewing the basic characteristics of these engineered materials and their tilting mechanisms.
Metamaterials are composites made from numerous unit cells [14]-[15], [18]-[23], and [25]-[27].
These unit cells are further made with conductors and dielectrics to mimic a particular
electromagnetic property that is not easily available or found naturally, such as a negative
permittivity and permeability. Often, metamaterials have been used to help shrink designs,
improve matching networks and radiation properties, and create artificial magnetic conductors,
which do not exist in a natural state. For example, a recently published paper showed that using a
gradient index (GRIN) metamaterial could improve the aperture efficiency and gain of a standard
rectangular horn antenna [26]. GRIN metamaterials are negative refractive index structures that
change the phase of the electromagnetic wave while keeping a constant gradient. When multiple
GRIN structures are aligned to create a surface, the new structure causes a lens effect on the horn
antenna which improves the focusing property of the horn, thus increasing directivity and also
aperture efficiency. However, the overall design of this lens is rather large covering the entire
6

aperture of the horn antenna and it is quite narrowband due to the limited frequency bandwidth of
the GRIN metamaterial.
Another common metamaterial used to achieve a negative refractive index is the split ring
resonator (SRR) [15], [25], consisting of two concentric rings. They are commonly used because
of their simpler design and proven use as a material with magnetic properties [25]. Despite their
ease of design, the number of unit cells necessary to achieve a lensing effect similar to the above
GRIN lens is also rather large. The SRR research needed a grid of 35 to 40 rows of 3, 5, or 8-unit
cells in a wine crate assembly in order to achieve various deflection angles. This is a rather large
structure as well and would be difficult to implement effectively on a small base station antenna.
The EBG material is also designed to have a different refractive index at a particular
frequency. However, the EBG material can be arranged on a planar surface allowing for
incorporation into printed antenna designs [14], [18]-[21], [23], and [27]. When loading an antenna
with this material, the change in refractive index causes a phase shift inside the EBG material. This
allows it to act as a second source allowing for a two-element antenna array. The phase difference
between the two sources allows for the two-element array to radiate a tilted beam. By using a large,
high-permittivity substrate, a number of these EBG unit cells can be used to impart the greatest tilt
possible. However, this effect is only observable over a limited frequency band. This particular
band is determined by the bandgap that the material tends to block the transmission of EM waves,
and is controlled primarily by the geometry of the design.
The primary design proposed for use in base station antenna radiation patterns uses an EBG
material in order to achieve the greatest tilt out of a printed Yagi-Uda bowtie antenna [14]. The
EBG was designed to have a much higher refractive index than the dielectric used, causing the
radiation pattern to tilt. This resulted in a maximum of 19° beam tilt when using the largest number
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of columns. However, the reported reflection coefficient results showed a small fractional
bandwidth of 5.5%. Because the EBG with the required refractive index was designed for a single
frequency, it had a limited frequency bandwidth. In contrast, a standard bowtie antenna typically
has greater than 20% fractional bandwidth. As such, main beam tilting needs to be realized over
the same bandwidth in practical applications. Furthermore, the antenna also had increased sidelobe
levels which is not a desirable aspect of this antenna design.
Ideally, an EBG is a periodic structure that extends to infinity. However, in practice its size
should be truncated and as such a limited number of unit cells are to replicate the refractive index
for tilting applications. Therefore, the design is strictly dependent on the number of columns.
Adding more columns may increase the tilting capabilities of the antenna. However, this results in
a larger antenna. Furthermore, the design in [14] is based off of another previously reported design
in [13] that has a much wider bandwidth. Yet, the tilted bandwidth of this EBG loaded antenna is
compromised by the EBG’s lack of frequency bandwidth. Therefore, the embedded EBG limits
the frequency bandwidth, not the antenna structure itself. In this thesis, a novel technique is
proposed by altering the geometry of a standard bowtie antenna.

2.2. Biconical and Bowtie Antennas
Before observing the effects of the geometrical change, the basic functionality of bowtie
antennas is reviewed first. Bowtie antennas are well known and have been extensively researched
in [1-13], and [24]. They are the two-dimensional form of biconical antennas, and thus they share
similar radiation properties. Since bowtie antennas are just a modified version of biconical
antennas, studying biconical antennas in detail could provide a better appreciation for their
behavior. Infinitely-extended biconical antennas are classified as broadband antennas, have closed
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form equations, and their radiation characteristics are well documented in the literature [24], [2834].
Biconical antennas have been used since the late 1800s [28]. They are tapered dipole
antennas [24] with closed form equations that can be used to calculate their radiation patterns.
Because of their wideband behavior, biconical antennas have been used in various communication
applications since their inception. For example, the biconical antenna reported in [29] was used to
create a multiple input multiple output (MIMO) wireless antenna by simply using different
excitations. MIMO is a popular way of increasing data throughput as well as allowing multiple
users on a single antenna [22], [29]. By utilizing the various radiation patterns provided by the
different modes on the biconical antenna, it is able to receive multiple signals. Another common
use for biconical antennas is in EMC measurements. The biconical antenna is constructed using a
skeletal frame of conductive wires in the shape of the biconical antenna which allows for the
antenna characteristics to be approximated using the method of moments. The final antenna
provides a simplified and light wideband measuring tool for low frequency electromagnetic
interreference measurements [24], [33-34].
In order to calculate the radiation patterns of biconical antennas, assume an infinitelyextended, biconical antenna of half-cone angle α/2. Faraday’s Law states that [24]:
∇ × 𝐄𝐄 = −𝑗𝑗𝑗𝑗𝑗𝑗𝐇𝐇

(2.1)

In order to make the calculations easier, this equation can be expanded in the spherical coordinate
system. Since the biconical antenna is symmetric in the φ direction, the only component of the
electric field for this antenna is the Eθ component. This transforms equation (2.1) to:
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1 𝜕𝜕

∇ × 𝐄𝐄 = 𝐚𝐚�𝜙𝜙 𝑟𝑟

(𝑟𝑟𝐸𝐸𝜃𝜃 ) = −𝑗𝑗𝑗𝑗𝑗𝑗(𝐚𝐚�𝑟𝑟 𝐻𝐻𝑟𝑟 + 𝐚𝐚�𝑟𝑟𝑟𝑟 𝐻𝐻𝜃𝜃 + 𝐚𝐚�𝜙𝜙 𝐻𝐻𝜙𝜙 )

𝜕𝜕𝜕𝜕

(2.2)

Similar to the electric field, the magnetic field has only an Hϕ component since it is symmetric in
the θ-axis. This reduces (2.2) to [24]:

1 𝜕𝜕

𝑟𝑟 𝜕𝜕𝜕𝜕

(𝑟𝑟𝐸𝐸𝜃𝜃 ) = −𝑗𝑗𝑗𝑗𝑗𝑗𝐻𝐻𝜙𝜙

(2.3)

As per [24], the solutions to (2.3) are:

𝐻𝐻𝜙𝜙 =

𝐻𝐻0 𝑒𝑒 −𝑗𝑗𝑗𝑗𝑗𝑗

sin 𝜃𝜃

(2.4)

𝑟𝑟

And

𝐻𝐻

𝐸𝐸𝜃𝜃 = 𝜂𝜂𝐻𝐻𝜙𝜙 = 𝜂𝜂 sin0𝜃𝜃

𝑒𝑒 −𝑗𝑗𝑗𝑗𝑗𝑗
𝑟𝑟

(2.5)

Furthermore, biconical antennas have simple impedance calculations which can be easily matched
over a wide bandwidth. Their impedance in free space can be calculated as a function of just their
cone angle, and typical cone angles range from 30° to 60° [24]:

𝛼𝛼

𝑍𝑍𝑖𝑖𝑖𝑖 = 120 ln �cot � 4 ��
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(2.6)

In [24], a graph of equation (2.6) is shown demonstrating that large cone angles (α/2 > 60°)
have low impedances (Zin < 50Ω), whereas the smaller cone angles have much larger impedances
(Zin >> 50Ω). This makes matching the antenna at these extremes more difficult, leading to the
most common cone angles being 30° < α/2 < 60° [24].
As for the frequency bandwidth, an infinitely-extended biconical antenna is a broadband
antennas since“…the bandwidth of an antenna (which can be enclosed within a sphere of radius
r) can be improved only if the antenna utilizes efficiently, with its geometrical configuration, the
available volume within the sphere” [24].
Since the bowtie antenna is just a flat version of the biconical antenna, then bowtie antennas
are also wideband structures. However, the ϕ symmetry has been removed with the flat bowtie
antenna making the previous equations invalid. Furthermore, there are no closed form equations
for bowtie antennas leaving only numerical methods for calculating their radiation patterns and
impedance characteristics. However, they have the advantage of being flat, printable structures
that can be easily arranged in Yagi-Uda configurations to increase gain and reduce backlobe
radiation [14].
These qualities make bowtie antennas desirable for base stations covering multiple
frequencies. For example, in the United States there are two well-known operating bands: CDMA
and GSM, each with various frequencies of operation ranging from 700 MHz for more basic
services up to 3 GHz for the faster data speeds [5]. With the advent of 5G wireless
communications, several new millimeter wavelength frequency bands have been proposed which
will lead to increased demand for wideband antenna designs. Well known research has been done
on creating large bandwidth, high gain bowtie antenna structures for these purposes. The basic
designs include a printed bowtie antenna with an advanced matching network that improves the
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operating bandwidth of the antenna [1], a Yagi-Uda style antenna with varying element lengths to
help create a more directive beam [13], and the use of an enhanced end-coupled split ring
metamaterial to increase gain [4]. Even further research has shown that bowtie antennas can be
used to create ultra-wideband antennas. However, all of these patterns are broadside, and must be
physically tilted in order to achieve ground visibility. A few of these designs were adapted to use
the aforementioned EBG metamaterials as they had proven their design worth previously.
The first design, and the one that the research presented here is based on, takes a triangular
bowtie antenna, etched on a grounded dielectric substrate [1]. It is affixed with a matching feed
and ground plane in order to improve return loss and make a unidirectional pattern. It has a wide
operating bandwidth from 9 GHz up to 17 GHz and is around the size of an American quarter,
making it too small for normal use. However, this large bandwidth is desirable for base station
applications, and the high front-to-back ratio suggests a good unidirectional pattern. It is this
design that will be altered in order to showcase the effect of the geometrical change on the antenna.
The next design uses a printed bowtie quasi-Yagi antenna with a similar ground plane
structure [13]. A Yagi-Uda antenna uses a reflector and various directors in order to achieve greater
gain. Typically, the directors tend to be smaller, and are placed around a quarter-wavelength apart
from each other in order to stay in phase with the excitation of the original element. This increases
the mutual coupling between the driven element and the directors and increases the directivity in
the forward direction. In this case, the directors are smaller rounded bowtie elements placed along
the same feed line as the first antenna, and are printed on both sides similar to the original director.

2.3. The Equi-phase Line
By altering the geometry of bowtie antennas, a tilted main beam can be achieved. In regular
bowtie antennas, the horizontal axis of symmetry represents an equi-phase line, normal to which
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maximum radiation intensity is obtained. Thus, a planar bowtie antenna placed in the xy plane
radiates a broadside radiation pattern with a peak gain at the boresight direction of θ=0o. Therefore,
if the aforementioned line is rotated, the peak radiation intensity will accordingly be off the
boresight direction, which in turn results in a titled main beam. EBG metamaterials do not alter
this line in order to achieve a tilted radiation pattern. Rather, they take the emitted power and
disperse it into different direction [25]. That is why there is an extreme bandwidth limitation in
using engineered materials to change radiation patterns. Thus, the solution lies in the geometry of
the antenna structure and not a change in the makeup of the dielectric substrate. In order to
understand why the change in geometry will tilt the radiation pattern, the equi-phase line will be
further explicated as follows.
The equi-phase line is a hypothetical line that determines how and where the radiation
pattern will be directed. A bowtie antenna is a symmetrical structure, and it naturally has the equiphase line along its axis of symmetry thanks to the even current distribution along the element
arms depicted in Fig. 2.1a. This orientation for the equi-phase line causes a broadside radiation
pattern for the antenna. This symmetric current distribution is governed by the physical area of the
antenna, its subtended angle α, its impedance, current excitation, and the underlying physical
substrate. For a standard triangular bowtie antenna, the equi-phase line follows the axis of
symmetry for the antenna, wherein the radiation pattern is normal to the equi-phase line in the Eplane, or at the point where they add constructively in phase. As for typical bowtie structures, the
radiation patterns are omnidirectional similar to dipoles, with directive and uniform patterns in the
E- and H-planes, respectively.
However, since this line is mainly defined by the antenna’s area and its current excitation
it can be assumed that altering this line will result in a tilted main beam. In other words, this causes
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the equi-phase line to adapt to its new antenna structure and change its radiation pattern. Applying
this, if a conventional triangular bowtie antenna is cut in half along the horizontal axis the result
will be four right triangles with an opening angle α/2, as illustrated in Fig 2.1a. By removing two
of these right triangles asymmetrically, there is now an asymmetric half-triangle bowtie in which
the new equi-phase line is rotated accordingly. As a result of this geometrical asymmetry, as shown
in Fig. 2.1b, the effective area and the axis of symmetry of the surface current distribution will
now be off the horizontal axis. Consequently, the current distribution, and by extension the equiphase line, are shifted equally in both directions. The result is a new equi-phase line splitting two
current distributions. This is visualized in Fig. 2.1. The new structure changes the surface current
distribution such that the new equi-phase line is rotated from the horizontal axis. Since this is still
a line, the previous reasoning holds true. The radiation pattern is, again, at 90° off axis from this
new line, causing the pattern to tilt in comparison to the normal, symmetric structure. To further
clarify this, representative radiation patterns for the full and half-bowtie antennas are plotted in
Figs. 2.1a and 2.1b, respectively. As it is observed, the E-plane main beam of the half-bowtie
antenna is now tilted away from the boresight direction of θ=0°. Moreover, the direction of the
tilted main beam is such that it is normal to the newly developed equi-phase line associated with
the half-triangle bowtie antenna.
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(a)

(b)

Fig. 2.1: Typical surface current distributions and radiation patterns of (a) full and (b) half bowtie antennas at 10
GHz. The black line represents the equi-phase line.

Furthermore, by changing the opening angle of the leftover triangles the current
distribution can be manipulated. Thus, by simply altering the angle of the triangles the radiation
pattern can be tilted to various other angles, which will be shown later.
While the antenna pattern is now tilted, the loss of area has reduced the antenna’s
bandwidth slightly. In addition to that, there are now two asymmetric corners which may affect
the radiation characteristics. Previously, the corners were symmetric which allowed any edge
diffracted waves to be cancelled out in the far field due to their inherent out of phase nature. While
this asymmetry may allow for a tilted beam as shown in Fig. 2.1b, the bandwidth is slightly
reduced. Nonetheless, the overall bandwidth of the proposed antenna is still much wider than that
of antennas with embedded engineered materials.
Furthermore, it is worth mentioning that the magnitude of the tilted beam will never equal
α. This is due to the equi-phase line being dependent on the overall surface current distributions,
not the areas of the bowtie arms. However, in comparison to the EBG results there is significantly
greater tilting, and it is controllable without increasing the substrate size. By increasing or
decreasing α/2, the equi-phase line can be tilted more or less without a considerable loss in
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bandwidth or gain. In comparison, an EBG material cannot maintain a wide frequency bandwidth
and must increase the number of the unit cells and therefore the size of the array in order to achieve
a wider tilt.
A half bowtie antenna structure was reported in [9], in which both of the bottom halftriangles were removed. This kept the symmetry of the antenna intact. Since the horizontal
symmetry has not been altered, the main beam is still normal to the horizontal axis, similar to the
conventional bowtie antenna. This is because the horizontal symmetry preserves the symmetrical
surface current distribution and thereby preserving the equi-phase line. This proves that an
asymmetrical antenna is the key to tilting the equi-phase line and the associated tilted main beams.
Additionally, the asymmetric half-bowtie antenna proposed in this thesis can be used with
an elliptical geometry. It is common to take a triangular bowtie antenna and round the corners in
order to improve the antenna’s bandwidth and radiation pattern stability, as reported in numerous
papers [2]-[4], [7]-[8], [10], and [12]-[13]. The idea is based on suppressing the spurious radiation
naturally occurring at the sharp corners, which in turn allow for a steady radiation pattern.
Additionally, they help increase the bandwidth of the bowtie antenna making it an attractive
candidate for ultrawide band applications. These effects will be realized when the triangular
geometry is replaced with an ellipse geometry. The bandwidth improvement comes from utilizing
the greater surface area of the ellipse geometry, allowing for the current distribution to be more
evenly spread amongst the entire geometry. Furthermore, this change does not alter the previously
defined equi-phase line as the antenna is still a bowtie antenna. However, the ellipse’s axial ratio
now controls the magnitude of tilt since an ellipse is not defined by an opening angle.
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2.4. Printed Half Bowtie Antennas
The printed version of this antenna on a dielectric substrate with a ground plane will be
based off of the design in [1] which will be used to make the radiation patterns unidirectional. The
ground plane used will reflect the electromagnetic power to be reflected back much like a laser to
a mirror, resulting in a far-field gain increase of up to 3 dBi [24]. In the case of the printed bowtie,
the ground plane partially covers one side of the antenna and acts as the reflector for the antenna
to create a unidirectional pattern.
Typically, ground planes are flat structures. Larger sizes result in better front-to-back
ratios. This works well for a standard bowtie antenna as their radiation patterns are broadside at
the E-plane which is typically perpendicular to the flat ground plane. However, for the proposed
asymmetric bowtie antenna the reflected power from the rectangular ground plane may
destructively add up with the tilted main beams at the far-field region. This results in the
beamwidth widening and would prevent a tilted effect. In an attempt to rectify this problem, the
ground plane is angled perpendicular to the main beam to allow the reflected power to add
constructively with the main beam at the far-field zone. This also increases the size of the ground
plane, allowing for more back lobe suppression and the possibility of better matching. Therefore,
a ‘V’ shape ground plane is critical to the design of this antenna.
Furthermore, the printed design will be scaled in order to fabricate and test it in practice.
In order to achieve this, the original dielectric substrate, Rogers 6010 with εr = 10.2, will be
changed to a low contrast dielectric substrate, Rogers 5880 with εr = 2.2. The change in electric
permittivity allows for the design to be roughly scaled up by a magnitude of 2.15. The new
upscaled design needs to be tuned to the new dielectric material which widens the originally small
transmission lines. This widening of the matching network allows for easier affixation of the SMA
connector necessary to test the antenna scattering parameters.
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2.5. Summary
A review of the previous literature for tilted radiation patterns using engineered materials
along with their drawbacks was established. It was shown that these methods achieved a tilted
antenna pattern, yet they had a small frequency bandwidth with large side lobe levels. It is proposed
that a geometrical change to a bowtie antenna will yield a tilted radiation pattern and a wide
bandwidth, and that the equi-phase line controls the degree of tilt provided by the antenna structure.
Furthermore, a printed structure with a ground plane is proposed in order to improve the front-toback ratio of the antenna as well as the impedance bandwidth.

18

3.CHAPTER 3

BOWTIE ANTENNAS IN FREE SPACE

3.1. Introduction
This section covers the behavior of bowtie antennas in a free space environment. This will
establish base line results and will allow for a comparison to the asymmetric half bowtie antennas
presented in later chapters. Both triangular and elliptical bowtie antennas will be covered and
compared, as well as a basic breakdown of how their physical characteristics alter the results. It
will be shown that the elliptical geometry is an improvement over the triangular geometry in terms
of impedance bandwidth which will be utilized in later sections.

3.2. Triangular Bowtie Antennas
As previously stated in Chapter 2, triangular bowtie antennas are one of the most common
and well understood type of bowtie antennas. They consist of two triangles mirrored along the
vertical axis with two of the vertices close together. The bowtie antenna is defined by its overall
length, the gap width between the two triangles, and the opening angle, α. This is outlined in Fig.
3.1 in order to help visualize these dimensions.
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Fig. 3.1: Free space full arm triangular bowtie antenna with labeled dimensions. l denotes antenna length, g denotes
gap width, and α is the subtended angle for the antenna in degrees. Nominal values are l = 1.0cm, g = 0.01cm, and α
= 40°

These three variables (α, l, g) govern the entire antenna design, and affect the radiation
characteristics and impedance matching the most. The overall length controls the lower frequency
of the antenna. Conversely, the gap width provides the highest operating frequency for the antenna.
The smaller the gap width, the higher the operating frequency. It is this length and the gap width
that allow the antenna to be wideband. Additionally, α is of great importance. Since it has been
proven that α controls the equi-phase line in the half bowtie, it is important to observe its behavior
in the full triangular antenna. In a symmetrical antenna, the opening angle affects both matching
and the impedance bandwidth. Typical angles of opening for a bowtie antenna range from 30° to
60° [24]. With smaller angles, the antenna becomes a dipole, which exhibits resonant behavior,
removing the wideband nature of the bowtie antenna. Furthermore, larger angles quickly become
impractical as the input impedance becomes small, which will be difficult to match to the standard
50Ω load.
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For this research, a triangular bowtie antenna of approximately 1.0cm in length and an α
of 40° was numerically analyzed by the finite-element based full-wave solver, ANSYS HFSS [35]
in a free space environment. It was constructed using a PEC material and was excited using a 50Ω
wave port. This port bridged the two antenna arms across the gap width measuring 0.01cm. The
free space bowtie antenna will serve as a reference case, providing a better picture for comparison
against the asymmetric half bowtie.
The operational bandwidth of most antennas is determined by how well its input impedance
is matched. This is known as reflection coefficient or the magnitude of the scattering parameter of
the antenna, i.e. |S11|. Mathematically, an |S11| value of -10dB or less is considered good as it shows
that roughly 90% of the electromagnetic power is being transmitted. For base station applications,
90% is acceptable in most applications. For this particular bowtie antenna, the |S11| response
plotted in Fig. 3.2 shows that the antenna has an operational bandwidth from 7.8 GHz up to 9.1
GHz. With a center frequency of 8 GHz, this results in a 17.5% fractional bandwidth.
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Fig. 3.2: |S11| of the free space full arm triangular bowtie antenna show in Fig. 3.1.

Fig. 3.3 shows the radiation pattern overlaid on top of the bowtie antenna along with its
surface current distributions. The bidirectional broadside radiation pattern is present with a
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maximum gain of 1.69 dBi at the θ = 0° direction. For comparison sake, an infinitesimally thin
λ/2 dipole has a similar radiation pattern with a maximum gain of 2.15 dBi in the same direction
[24]. The dipole is more directive than the bowtie due to its resonant nature. The real part of its
input impedance is 73Ω. The input impedance of the bowtie antenna has been numerically matched
to the 50Ω coaxial line. Additionally, the bowtie antenna sacrifices some gain in order to achieve
its broadband behavior. This small loss of gain is not a problem as it can be compensated by using
reflectors, directors, and element arrays to boost the antenna gain.
θ°

Fig. 3.3: Surface current distribution for the free space full arm triangular bowtie antenna shown in Fig. 3.1
operating at 10 GHz with overlaid radiation pattern.

Since the radiation characteristics are determined by the physical parameters of the
antenna, these preliminary results will be used to compare and contrast the various effects of α, l,
and g on the bowtie antenna. The next few sections will go into greater depth on how each
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parameter affects the antenna’s |S11| behavior, radiation patterns, and surface current distributions
in order to have a concrete picture of how bowtie antennas function.

3.2.1. Parametric Study on α
In this section, the angular openings of the triangular bowtie antenna are varied, while the
overall length and gap width remain at 1.0cm and 0.01cm, respectively. It is found that changing
α imparts the greatest physical changes in the antenna, therefore it offers the greatest control on
both the radiation pattern and bandwidth of the antenna. By sweeping α from 20° to 60° in 10°
increments, the antenna shifts from resonant behavior, such as a dipole, to having a larger
bandwidth. While at first it appears larger α is better for bandwidth, eventually the impedance
bandwidth becomes non-existent thanks to the small input impedance of the antenna with such a
wide angular opening. Furthermore, the larger angles of opening will shift the impedance
bandwidth of the antenna.
Fig. 3.4 shows the various |S11| parameters for each α. It is observed that a lower α translates
to more resonant behavior, while a fractional bandwidth close to 18% is realized when α = 40°,
and it gradually becomes narrower thereafter. Eventually with a large enough α the operational
bandwidth will disappear due to the small impedance of the antenna, which will increase the
reflection coefficient across the frequency range. This is shown at 60°, where the |S11| stays above
-10 dB. Comparing the other α show that they are roughly the same in width ranging from a
bandwidth of 1.4 GHz down to 1.1 GHz.
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Fig. 3.4: |S11| for the free space full arm triangular bowtie antenna in Fig. 3.1 with various α ranging from 10° to 60°.

Fig. 3.5 plots the maximum gain of the antenna for various frequencies across 20° ≤ α ≤
40°. Each line represents the peak gain for each frequency found under -10 dB |S11|. For the
majority of the sweep, the antenna is able to achieve greater than 1.7 dBi with a maximum of 2.2
dBi at α = 20°. Since gain is directly proportional to the directivity and directivity is inversely
proportional to the wavelength of operation, the gain of the antenna increases as the frequency
increases.
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Fig. 3.5: Antenna gain versus frequency results for the free space full arm triangular bowtie antenna in Fig. 3.1. The
data points lie within the impedance bandwidths as displayed in Fig. 3.4 for 20° ≤ α ≤ 40°.
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The radiation patterns plotted in Fig. 3.6 show that there is no discernable change when α
changes. Both radiation patterns are “figure 8” patterns and have similar gain. The maximum gain
for these two α variations are 1.69 dBi at the θ = 0° direction. For a bowtie antenna, only the Eplane radiation pattern is of interest since the H-plane radiation pattern is uniform. Therefore, only
the E-plane radiation will be observed for these antennas.
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Fig. 3.6: Radiation patterns for the free space full arm triangular bowtie antenna in Fig. 3.1 with (a) α = 30° (b) α =
40° operating at 9 GHz.

Fig. 3.7 shows the antenna geometries for α = 30° and α = 40° with the surface current
distributions overlaid. For both α, the current is distributed over the entire antenna structure with
most of the current concentrated at the center. Additionally, the symmetry provided by this current
distribution contributes to the antenna’s symmetric “figure 8” patterns.
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(a)

(b)

Fig. 3.7: Surface current distributions for the free space full arm triangular bowtie antenna in Fig. 3.1 for (a) α = 30°
and (b) α = 40° operating at 9 GHz.

3.2.2. Parametric Study on Overall Length
This next study focuses on changing the overall length of the antenna while keeping α equal
to 40° and the gap width at 0.01cm. A longer or shorter antenna would affect the bottom operating
frequency and the center frequency, which would change the impedance bandwidth. Longer
antennas should decrease the low-end frequency, whereas shorter antennas would increase it.
Additionally, longer antennas would have an increased surface area to allow the surface currents
to distribute amongst the longer antenna structure.
The |S11| results in Fig. 3.8 demonstrate the effects of the various antenna lengths. When
the antenna is increased in length, the bandwidth relative to the baseline results decreased, and
shifted lower in frequency. A shorter length caused the antenna to shift up in frequency. Further
observation shows that the bandwidth of the antenna increases as the overall length decreased.
This suggests that the antenna has better matching characteristics when the length of the elements
is shorter.
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Fig. 3.8: |S11| for the free space full arm triangular bowtie antenna in Fig. 3.1 with α = 40° and various lengths. Black
represents nominal values.

Fig. 3.9 shows that the overall antenna length has a small impact on the beam shape and
gain of the antenna. Additionally, the two radiation patterns shown maintain their figure 8 pattern
from the previous testing. Otherwise, these radiation patterns are nearly identical at each length.
The maximum gain achieved by these antennas was 2.4 dBi at the θ = 0° direction.
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Fig. 3.9: Radiation patterns of free space full arm triangular bowtie antenna in Fig. 3.1 with α = 40° and various
lengths. Shown here are (a) l = 0.5cm at 16.6 GHz and (b) l = 1.0cm at 8.26 GHz.
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Fig. 3.10 shows the antenna’s surface current distributions for l = 0.5cm and l = 1.0cm.
Each geometry has an identical surface current distribution and surface utilization for both
iterations when operating at the corresponding center frequencies of 8.26 GHz and 16.6 GHz. This
symmetric current distribution further demonstrates that the antenna yields a symmetric “figure 8”
pattern as shown in Fig. 3.9.

(b)

(a)

Fig. 3.10: Surface current distributions for the free space full arm triangular bowtie antenna in Fig. 3.1
approximately shown to scale with α = 40°. (a) l = 0.5cm at 16.6 GHz and (b) l = 1.0cm at 8.26 GHz.

3.2.3. Parametric Study on Gap Width
Similar to the parametric study on length, changing the gap width of the antenna should
affect the upper bound of the operating frequency. Essentially, smaller gap widths should increase
the high-end frequency and thus extend the bandwidth of the antenna. However, in practice small
variations in the gap width will have negligible impact on the bandwidth. As a representative
example, the results of |S11| are plotted in Fig. 3.11, for selected gap widths of 0.005cm, 0.01cm,
and 0.015cm, when α = 40° and l = 1.0cm. As predicted, there is a small, observable effect on the
antenna bandwidth, which increases by 0.2 GHz for g=0.005cm.
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Fig. 3.11: |S11| for the free space full arm triangular bowtie antenna in Fig. 3.1 with α = 40°, l = 1.0cm, and various
g.

The three geometrical parameters (α, l, g) of the triangular bowtie antennas have been shown
in these studies to have a significant impact on the antenna’s behavior. By combining all of these
traits, the bowtie antenna becomes a versatile antenna to use for base station applications.
However, it has been shown in various published literature that different bowtie shapes and
alterations can have a positive impact on the radiation and matching characteristics [10]. Rounded
corners reduce spurious radiation, quadrature antennas take up more physical area, and a snow
cone shape allows for a wider bandwidth. Instead of investigating all of these changes individually,
the triangular shape will be replaced outright with an elliptical geometry which combines all three
of these geometric differences.

3.3. Elliptical Bowtie Antennas
The geometry of an elliptical bowtie antenna is depicted in Fig. 3.12, where each arm is an
ellipse defined by its major and minor axes, denoted by rmajor and rminor, respectively. The two arms
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are separated by a small gap width of g, similar to the triangular counterparts and the overall length
is l.

Fig. 3.12: Free space full arm ellipse antenna geometry with labeled dimensions. l denotes length, g denotes gap
width, rminor and rmajor denote the ellipse’s two radii, and the axial ratio (AR) is calculated using the inset formula.
Nominal values for this antenna are l = 1.0cm, g = 0.01cm, and an AR = 1.0

In contrast to triangular bowtie antennas, elliptical bowtie antennas are defined by their
axial ratio instead of an opening angle [17]. This calculation is pictured in Fig. 3.12, where the
ratio of the major and minor axes is used to determine the axial ratio (AR). The length and gap
width are carried over to the elliptical bowtie geometry, which allows the elliptical antenna to
mimic portions of the triangular bowtie’s behavior. Furthermore, research has shown that printed
versions of these antennas yield a great impedance bandwidth with decent matching for
ultrawideband designs [17]. Therefore, these tests should yield similar results. Since the antenna
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has kept the length and gap width parameters, they should still control the location of the
bandwidth, and that larger axial ratios will behave similarly to the opening angle and control the
width and the location of it as well.
For the baseline tests, an elliptical antenna with the parameters specified in Fig. 3.12 was
used. l and g were held over from the previous testing to ensure a valid comparison. Therefore,
this new antenna should in theory have the same bandwidth capabilities as the previous triangular
tests. Interestingly, as observed in Fig. 3.13, there is significantly greater bandwidth than the
triangular antenna. The triangular antenna was able to achieve a 16% fractional bandwidth, as per
Fig. 3.2, while the elliptical antenna achieves about 31% fractional bandwidth, which has become
wider by a factor of 2. This improvement is what allows the elliptical antenna to be highly
desirable. The reason for this improvement lies in the elliptical shape, which facilitates greater
utilization of the available surface area than its triangular counterpart.
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Fig. 3.13: |S11| of the free space full arm ellipse bowtie antenna shown in Fig. 3.12, exhibiting about 31% fractional
bandwidth.

The elliptical bowtie antenna’s surface current distribution as well as the overlaid radiation
pattern is depicted in Fig. 3.14 at the frequency of 12 GHz. When comparing this figure to the one
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in Fig. 3.3, there is a distinct difference in how the current is distributed along the two antennas.
In both cases, the current favors the edges and the center of the antenna. However, the rounder
shape of the elliptical antenna concentrates more of the surface current densities at the center of
the antenna. This is expected as the currents are focused in the central portion at the higher
frequency of 12 GHz. With this increase in bandwidth comes the small tradeoff in gain. The
elliptical antenna achieves a gain of 1.53 dBi. However, this is not a problem since it will be shown
later that this small gain drop can be compensated by utilizing a reflecting surface as a ground
plane.
θ°

Radiation Pattern

Antenna Surface Geometry

Fig. 3.14: Surface current distribution for the free space full arm ellipse antenna in Fig. 3.12 operating at 12 GHz
with overlaid radiation pattern.
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3.3.1. Parametric Study on Axial Ratio
Similar to the triangular antenna, further studies on the elliptical geometry can allow for a
better understanding of its radiation characteristics. Since l and g were copied from the triangular
antenna, these parameters will have the same effects on the elliptical geometry. The corresponding
results are omitted here for brevity. However, the axial ratio of the ellipse becomes a critical
parameter, similar to the triangle’s opening angle, that will be studied in this section.
Fig. 3.15 shows the |S11| results for the various axial ratios ranging from 0.5 ≤ AR ≤ 1.5.
When comparing these results to the results found in Fig. 3.4, the similarities between the axial
ratio and opening angle are apparent. Similar to α, larger AR shifts down the operational bandwidth
until the antenna no longer has a good impedance bandwidth, whereas smaller AR shifts up the
antenna’s impedance bandwidth as well as reduces the impedance bandwidth. However, the
smaller AR still maintains a significant bandwidth advantage over the small α which confirms the
elliptical antenna’s superior bandwidth characteristics. The more elliptical geometry allows for
greater utilization of the increased area provided by the greater axial ratios to achieve this wider
bandwidth.
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Fig. 3.15: |S11| for the free space full arm ellipse antenna in Fig. 3.12 with various AR. There is significantly wider
bandwidth in comparison to the triangular antenna at every iteration. Black represents nominal values.
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The gain versus frequency for each antenna iteration is shown in Fig. 3.16. This is also
similar to the triangular antennas, where the smaller AR provides greater gain thanks to the higher
directivity provided by the higher frequencies. The peak gain achieved is 2.1 dBi when AR = 0.5.
Unlike the triangular antenna, there are significant gain improvements when transitioning from the
larger to smaller AR.
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Fig. 3.16: Antenna gain versus frequency results for the free space full arm ellipse antenna in Fig. 3.12. Data points
lie within the impedance bandwidths as displayed in Fig. 3.15 for 0.5 ≤ AR ≤ 1.5

The radiation patterns of these antennas are shown in Fig. 3.17, which are similar to those
shown in Fig. 3.9. There appears to be little effect on the peak gain of either antenna when changing
AR and they retain the dipole radiation pattern. This further proves the merits of the elliptical
geometry being a replacement for the triangular structure since the radiation patterns are
unaffected. The maximum gain for these two antennas is 1.67 dBi for AR = 1.0 at the θ = 0°.
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Fig. 3.17: Radiation patterns for the free space full arm ellipse antenna in Fig. 3.12 using various AR operating at
12.5 GHz. (a) AR = 1.0 (b) AR = 1.5

The symmetric surface current distribution, depicted in Fig. 3.18, proves that the antenna
will maintain its dipole radiation pattern, as shown in Fig. 3.17. This behavior is similar to the
triangular antenna as well. However, the higher AR forces the antenna’s current distribution to
cluster towards the center, as clearly seen at AR = 2.0. Furthermore, the higher AR antennas have
low impedance and are hard to match.

(a)

(b)

Fig. 3.18: Surface current distributions for the free space full arm ellipse antenna using various AR operating at 12
GHz: (a) AR =0.5 and (b) AR = 2.0
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3.4. Summary
The results presented in this chapter should produce a baseline understanding for bowtie
antennas. Both triangular and elliptical antennas in free space were studied for |S11| characteristics
as well as their representative radiation patterns. It was found that the triangular antenna had a
16% fractional bandwidth with a maximum gain of 2.2 dBi. For the elliptical geometry, it had a
larger fractional bandwidth of ~31%, as expected, with a peak gain of 2.2 dBi. Focused studies on
the subtended angle and axial ratio show that they have a significant impact on the location and
width of the impedance bandwidth while maintaining the radiation patterns of the antenna. Based
on the |S11| results, it is quite clear that the elliptical antenna is a much better candidate for the base
station antenna. These antennas are more wideband than their triangular counterparts.
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4.CHAPTER 4

ASYMMETRIC HALF- BOWTIE ANTENNAS IN FREE SPACE

4.1. Introduction
The previous chapter was concerned with establishing a baseline understanding for
standard triangular and elliptical bowtie antennas. This will provide a good starting point for the
comparison to the new antenna structure discussed in this chapter. The main purpose of this chapter
is to demonstrate the effect of the change in bowtie antenna geometry on the equi-phase line and
its effects on the radiation pattern. Similar to the previous chapter, there will be various studies on
the opening angle and axial ratios of these antennas and a comparison of the two types. However,
the main focus will be on how these parameters control the equi-phase line and the radiation
characteristics of the new geometry.

4.2. Asymmetric Half-Triangle Bowtie
The equi-phase line of a conventional full-arm bowtie antenna can be rotated by modifying
its axis of symmetry, detailed as follows. The first step involves dividing the bowtie arms in half.
This produces four right triangles with opening angles now defined by their half-subtended angle
(α/2). Asymmetrically removing two of these right triangles is necessary to rotate its axis of
symmetry and thus achieve the tilted radiation patterns. Specifically, removing one from the top
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and one from the bottom asymmetrically allows for the creation of the asymmetric half bowtie.
The result is depicted in Fig. 4.1, where the dimensions from the full arm antennas are carried over
to help maintain a fair comparison. Its overall length is defined by l, the gap width is defined by g,
and now the new half-subtended angle α/2 defines how tall the new geometry is.

Fig. 4.1: The free space asymmetric half triangle bowtie antenna with labeled dimensions. It is defined using
parameters exactly like the full bowtie antenna with the major exception being the subtended angle, now half of its
original value.

Note that it is critical that two triangles are removed asymmetrically. This allows the
antenna to remove its horizontal symmetry which allows for a tilted radiation pattern. For example,
if the bottom two were removed, the horizontal symmetry would be preserved which forces the
equi-phase line to be an equi-phase ‘V’. This keeps the radiation pattern broadside no matter what
subtended angle is used. Since the goal is to tilt the radiation patterns, this is not desirable.
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Once the asymmetric half-triangle bowtie (AHTB) antenna is established, the antenna can
be numerically investigated in terms of its different defining parameters. For all tests, the nominal
antenna dimensions are l = 1.0cm, g = 0.01cm, and α/2 = 20° unless specified otherwise. The
corresponding |S11| and radiation pattern results are shown in Figs. 4.2 and 4.3, respectively.
A -10dB bandwidth of 1.1 GHz is obtained as shown in Fig. 4.2, corresponding to a
fractional bandwidth of 12.2%. In comparison to the similar full triangle bowtie, this bandwidth
has been slightly decreased by 0.3 GHz, or approximately 3%. This was expected as the loss is
surface area will reduce the effective area of the aperture which can be compensated for by using
the different geometry which will be shown later. However, the loss in geometric area multiplies
the antenna’s impedance approximately by two. This causes the new antenna to have different
matching parameters, meaning the antenna can be matched easier.
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Fig. 4.2: |S11| for the free space AHTB and full triangle bowtie antennas. Both share dimensions l = 1.0cm, g =
𝛼𝛼
0.01cm, = 20°. The AHTB antenna has an estimated bandwidth of 1.1 GHz.
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Based on the radiation pattern overlaid in Fig. 4.3, the main beam is clearly tilted off the
boresight direction. For a subtended angle of 20°, the main beam direction occurs at 23° towards
positive theta with a gain of 2.13 dBi. Interestingly enough, the AHTB is more directive than the
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original bowtie antenna with similar physical parameters. This is due to the fact that the operating
frequency band of the AHTB has shifted up, resulting in a larger aperture area in terms of
wavelength. Additionally, the surface currents on the geometry in Fig. 4.3 show that the
distribution can no longer be symmetric. This contributes to the shifting of the antenna’s equiθ°

phase line which causes the antenna to have a tilted radiation pattern. By averaging the top and
bottom surface current distributions, the location of the equi-phase line can be estimated to run
roughly between them

Fig. 4.3: Surface current distribution and radiation pattern for the free space AHTB antenna in Fig. 4.1. Here, the
direct correlation between the average surface current distribution and the tilted radiation pattern is clear.

After completing the preliminary results, focused study on the half-subtended angle can be
done [36]. As it will be shown, this angle can control the magnitude of tilt provided by the equiphase line. This is done by altering the average surface current distributions in order to obtain
different tilting angles. Larger opening angles should result in a greater magnitude of tilt, while
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smaller opening angles should reduce the tilt. Parametric studies on the length and gap width have
shown similar trends to the full-arm bowties and the results are omitted here for brevity.

4.2.1. Parametric Study on the Half-Subtended Angle
In order to demonstrate the antenna’s tilting capability, a parametric study will be
performed on the half-subtended angle of the antenna. The angles tested will range from 15° to
30°, which is comparable to the free space study. Changing the angle will alter the geometry which
affects the current distribution. This forces the equi-phase line to adapt to the new current
distribution, thus tilting the radiation pattern. The corresponding results are shown through Figs.
4.4 to 4.7, which depict the |S11| characteristics, peak gains, the radiation patterns, and the surface
current distributions on the geometries, respectively.
Fig. 4.4 shows similar behavior to the one found in the full arm study. The antenna
maintains a consistent bandwidth, centered at different frequencies for each iteration. As the
opening angle increases, the center frequencies will lower, without affecting the impedance
bandwidth. This is mainly due to the fact that the input impedance of the equivalent transmission
lines of half-bowties is not as small as the full-bowties and they are better matched to the standard
50Ω load. The fact that the bandwidth was maintained at higher subtended angles allows the
antenna designer to use the larger structure without having to sacrifice the bandwidth that was lost
in the full arm case. Additionally, the location of each bandwidth roughly corresponds to a similar
result in the full arm case. This confirms that the new antenna geometry only affects the radiation
patterns and not their bandwidth.
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Fig. 4.4: |S11| for the free space AHTB antenna in Fig. 4.1 with 15° ≤ α/2 ≤ 30°. l = 1.0cm and g = 0.01cm. Just like
the full triangular bowtie case, the opening angle controls the matching characteristics and the location of the
impedance bandwidth.

Figure 4.5 plots the peak gain against its respective frequency ranges for α/2 of 20° and
25°. For most of the frequencies, the gain increases as the wavelength becomes smaller. This is
similar to the full triangle antenna where larger frequencies had higher gains for the smaller
opening angles. Eventually, the antenna peaks at 2.4 dBi when α/2 = 20°.
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Fig. 4.5: Antenna gain versus frequency for the free space AHTB antenna in Fig. 4.1 using various α. Data points lie
within the impedance bandwidths as displayed in Fig. 4.4.

As shown in Fig. 4.6, the change in half-subtended angle has a significantly greater impact
than that of the EBG materials. Not only is the original radiation pattern kept throughout the entire
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study, but the maximum tilted angle is around 48° off the boresight direction which is remarkable.
Table 4.1 lists how various subtended angles increase the magnitude of tilt [36].
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Fig. 4.6: Radiation patterns for the free space AHTB antenna in Fig. 4.1 operating at 8.5 GHz. (a) α = 20° (b) α =
25°. Notice the degree of tilt increases as α increases with no loss in maximum gain.

TABLE 4.1: EFFECTS OF SUBTENDED ANGLE OF THE AHTB ANTENNA ON BEAM TILT AT 8.5 GHZ
Subtended Angle (α/2)

Half Bowtie

15°

9°

20°

14°

25°

36°

30°

48°

The surface current distributions in Fig. 4.7 show that at the larger angles, the distribution
on the tilted edge of the antenna is angled higher allowing for the equi-phase line to tilt in a similar
fashion. This can be seen in the shift from 20° to 25° as well as in their respective radiation patterns.
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The radiation patterns show a difference of approximately 5° which means that the equi-phase line
has also shifted by 5°. Therefore, there is a linear relationship between the half-subtended angle
and magnitude of tilt.

(a)

(b)

Fig. 4.7: Surface current distributions for the free space AHTB antenna in Fig. 4.1 operating at 8.5 GHz with (a) α/2
= 20° and (b) α/2 = 25°. The asymmetry in the surface current distribution is greater at higher α, causing a more
tilted beam.

From these results, a wide bandwidth tilted radiation pattern antenna has been presented
which addresses the mechanical tilting in current base station designs. However, there are two
issues still standing with this new geometry. The first being that it causes a slight loss in bandwidth
in comparison to the full arm antenna. The second problem lies in the asymmetric dispersive
corners, which have a small effect on the radiation characteristics. Thankfully, these issues can be
compensated for by switching to the elliptical geometry as done previously in the full bowtie case.
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4.3. Asymmetric Half-Ellipse Bowtie
It was already shown in Chapter 3 that swapping to the elliptical geometry would improve
the bandwidth of a full bowtie antenna simply by rounding the corners and utilizing a more
effective antenna shape. The same technique will be applied here in order to remove the
asymmetric dispersive corners provided by the triangular geometry and to utilize the greater
surface area delivered by the elliptical geometry. Similar to Chapter 3, the same antenna
dimensions will be used to keep the range of operation comparable. It was previously shown in
the triangular case that the triangle’s subtended angles controlled the surface current distribution.
However, the elliptical geometry is not defined by a subtended angle. Instead, the ellipse’s axial
ratio will be used to control the equi-phase line and the radiation pattern.
Starting with the full ellipse bowtie, it will be divided in half along its horizontal axis of
symmetry similar to what was done to the triangular antenna. Then, two of the hemiellipses will
be removed asymmetrically and what is left is the asymmetric half-ellipse bowtie (AHEB) antenna
which is pictured in Fig. 4.8. Comparing this antenna to the AHTB antenna shows that it removes
the asymmetric dispersive corners while maintaining the asymmetric geometry.
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Fig. 4.8: Free space AHEB (Asymmetric Half Ellipse Bowtie) antenna geometry with design parameters. The axial
ratio calculation remains the same as in the full arm shown in Fig. 3.12.

In order to obtain some preliminary results, a numerical investigation will be performed on
an elliptical bowtie antenna that has l = 1.0cm, g = 0.01cm, and an AR = 1.0 and will operate at a
center frequency of 12 GHz. The |S11| results, radiation pattern, and the surface current
distributions are shown in Figs. 4.9 and 4.10, respectively.
The |S11| results in Fig. 4.9 confirm the effects seen in the triangular antenna. In comparison
to the full arm structure, the AHEB antenna has roughly half as much bandwidth. Despite this, the
antenna has greater bandwidth in relation to the AHTB antenna, doubling it to 2.3 GHz. This
provides a fractional bandwidth of 19.2%. This confirms that the elliptical geometry naturally has
a wider bandwidth simply due to its smoother geometry and greater utilized surface area. In
comparison to the full elliptical bowtie antenna, the location of the bandwidth remains the same
which mimics the triangular antenna’s behavior.

46

0

Gain (dBi)

-10
-20

Full Ellipse
-30

Half-Ellipse
-40
9

10

11

12

13

14

15

Frequency (GHz)
Fig. 4.9: |S11| for the free space AHEB and full ellipse antennas. l = 1.0cm, g = 0.01cm, AR = 1.0. Just like in the
AHTB, the bandwidth decreases from the full arm to half arm.

Based on the current distribution on the antenna in Fig. 4.10, there is definitely an
asymmetric distribution. This causes the equi-phase line to tilt similarly to the triangular antenna,
which results in a tilted radiation pattern. The maximum gain is 1.79 dBi and is directed 20° off
the boresight direction. Moreover, the radiation pattern is smoother due to the removal of the
asymmetric dispersive corners.

Fig. 4.10: Surface current and radiation pattern for the free space AHEB antenna in Fig. 4.8. The behavior is exactly
the same as in the triangular antenna case, with the asymmetric current distributions causing the antenna to tilt its
radiation pattern.
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4.3.1. Parametric Study on the Axial Ratio
In order to examine the radiation pattern tilt to varying degrees, a focused study on the
ellipse’s axial ratio needs to be done. With the triangular case, it was easily defined and compared
with angles in the triangular case, the axial ratio is more abstract meaning that there is no direct
comparison for each iteration. In addition, the antenna will be kept within realistic axial ratios in
order to showcase the various degrees of tilt.
Fig. 4.11 shows that the AHEB antenna has a measurable |S11| improvement over the
AHTB antenna. Every AR iteration has greater bandwidth when compared to their triangular
counterparts. This is similar behavior to the full arm bowtie cases, showing the effect of the
geometry change is consistent across antennas. In addition, the location of these bandwidths lies
close to the full arm ellipse antenna, which confirms the similar behavior seen in the triangular
case. From this result, the elliptical geometry seems best suited for base station designs.
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Fig. 4.11: |S11| for the free space AHEB antenna with 0.5 ≤ AR ≤ 2.0. The change in axial ratio controls the location
of the operational bandwidth much like the subtended angle of the triangular geometry.

Fig. 4.12 shows that higher axial ratios typically have less gain across their frequency
bandwidth than smaller ones. This behavior is likely carried over from the full arm antenna where
large axial ratios shifted down the frequency band and thus resulted in a less directive beam.
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Fig. 4.12: Antenna gain versus frequency results for the free space AHEB antenna in Fig. 4.8. Data points lie within
the impedance bandwidths as displayed in Fig. 4.11 for 0.5 ≤ AR ≤ 2.0

Fig. 4.13 provides further evidence to conclude that the elliptical geometry should be used
moving forward. Primarily, the radiation patterns show no distortion throughout the tilting range
unlike the triangular antenna. However, the maximum tilt that is achievable by this design is less
than that provided by the triangular geometry. Despite this, the maximum tilt achieved by this
antenna is 39° with an AR = 2.0. Table 2 showcases the various tilting magnitudes for each
iteration compared against the standard full arm ellipse geometry.

TABLE 4.2: EFFECTS OF AXIAL RATIO OF THE AHEB ANTENNA ON BEAM TILT AT 11.5 GHZ
Axial Ratio

Half-Ellipse

0.5

10°

1.0

19°

1.5

31°

2.0

39°
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Fig. 4.13: Radiation patterns for the free space AHEB antenna in Fig. 4.8 operating at 11.5 GHz with (a) AR = 1.0
(b) AR = 1.5. Note that all of these radiation patterns are smooth, demonstrating the effect of the removal the
asymmetric dispersive corners.

Fig. 4.14 demonstrates the changing surface current distribution from one axial ratio to
another. The larger axial ratios behave the same way as the larger subtended angles, increasing the
magnitude of tilt in the radiation patterns. Fig. 4.14 also provides a reason why the elliptical
geometry is capable of less tilt than the triangular geometry. The maximum tilt provided by the
AHTB antenna was 48°, as given by Table 4.1, whereas the AHEB antenna only provides a
maximum 39° of tilt. This is because the new geometry is more symmetric, which causes the
current distribution to concentrate more towards the center. The triangular geometry provides a
constant taper in which the surface currents are directed further away from the radiating source.
This allows the equi-phase line to average higher in the triangular geometry than in the elliptical
geometry. The evidence put forth by both of these antennas shows that the asymmetric half bowtie
improves on the existing antenna structure in terms of a tilted radiation pattern. It also allows for
a larger antenna to be used.
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(a)

(b)

Fig. 4.14: Surface current distributions for the free space AHEB antenna using various AR operating at 11.5 GHz.
(a) AR = 1.0 and (b) AR = 1.5

4.4. Summary
The effects of a geometrical change on a bowtie antenna have been studied and reported in
a free space environment. The bowtie antennas were cut in half and made asymmetric in order to
achieve a tilted equi-phase line. This resulted in the antenna having an asymmetric current
distribution and a tilted radiation pattern. Both geometries were tested to see how much tilt could
be realized by each design. The maximum tilt achieved for the triangular and elliptical geometries
were 48° and 39°, respectively. As for the antenna gain, the maximum value of 2.4 dBi was
achievable with each design with bandwidths of 1.1 GHz and 2.2 GHz. These results confirm the
original hypothesis that an asymmetric current distribution will allow for a tilted radiation pattern.
In addition, the elliptical geometry has been proven to provide a wider bandwidth than its triangular
counterpart. These will be important when the free space cases become adapted to a printed
structure.
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5.

CHAPTER 5

PRINTED ASYMMETRIC HALF-TRIANGLE BOWTIE ANTENNAS

5.1. Introduction
The antenna designs presented in Chapter 4 is not suitable for base station use. This is due
to the bidirectional radiation patterns for a free space antenna. Therefore, a grounded dielectric
slab must be used in order to make the radiation unidirectional and adapt the antenna design for
base station applications. Herein, the technique, reported for a printed full arm bowtie antenna in
[1], will be applied to the proposed asymmetric bow-tie antenna to simultaneously tilt the main
beam and reduce the backlobe radiation. This newly developed printed antenna will be further
investigated to showcase the geometrical effects on the radiation characteristics of the antenna.
The physical characteristics of the antenna will be examined in detail and the results scrutinized in
order to lay the groundwork for future comparisons. After applying the geometrical change, further
parametric studies will be carried out to adjust the radiation characteristics.

5.2. Printed Half-Triangle Bowtie antenna on Rogers 6010
The antenna presented in [1] shows that the ground plane structure has a significant effect
on the antenna’s radiation characteristics. Primarily, the ground plane is used in suppressing the
backlobe radiation while increasing the antenna gain in the front lobe. However, this design
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assumed that there was a symmetric structure and a horizontal equi-phase line. The free space
antennas shown in Chapter 4 proved that the equi-phase line is shifted from this position which
can affect the ground plane’s behavior. Therefore, tweaks to the antenna structure need to occur in
order to help rectify some of the potential issues that the new antenna structure presents.
First, cutting this antenna in half increases the input impedance of the antenna
approximately by a factor of 2. As such, the transmission line thicknesses needed to be halved in
order to compensate for this change. Another major change needs to happen to the antenna
structure before running some preliminary tests on the new design. As seen from the free space
results in Chapter 4, the back-lobe radiation in the half antenna geometries is tilted in addition to
the main beam. This necessitates the use of a shaped ground plane to effectively reduce the
backlobe radiation, while retaining the titled main beam. To this end, different shaped ground
planes, namely V-shape and inverted V-shape, have been investigated. After extensive study, it is
found that the V-shaped ground plane satisfactorily fulfills the aforementioned requirements. Its
corresponding results will be shown in this section. If the standard rectangular ground plane were
to be used in this new design, the radiation patterns will not show any tilting thanks to the surface
current distributions along the ground plane cancelling out the antenna’s tilted pattern.
The geometry of the printed half-triangular bowtie antenna, supported by the V-shape
ground plane is depicted in Fig. 5.1, where a new angle β is introduced to the ground plane to
define the slope of the V-shape. This V-shape ground counteracts the problem provided by the
tilted radiation pattern. In theory, the radiation to the shaped ground plane is controlled by different
β values, allowing it to be finely tuned for a given tilted main beam. Additionally, the ground plane
is part of the antenna’s matching network, so changing β might have a positive effect on the
matching network. This becomes useful later as the right β can improve tilting performance while
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also maintaining a wide impedance bandwidth. The results of these modifications are demonstrated
in the following figures.

Fig. 5.1: Printed AHTB antenna geometry on the Rogers 6010 dielectric substrate with V-Shape ground plane. The
design parameters are: wsub = 36mm; hsub = 30mm; hgnd = 23.3mm; winput = 0.5923mm; hinput = 15mm; hfeed =8mm;
wfeed = 0.3221mm; want = 4mm; α/2 = 15°; β = 25°;

The |S11| results in Fig. 5.2 confirm the effects of the original printed bowtie antenna,
maintaining a wider bandwidth than its free space counterparts. More specifically, the antenna is
able to achieve a 30% fractional bandwidth across a similar frequency range as the previous
antenna.
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Fig. 5.2: |S11| for the printed AHTB antenna in Fig. 5.1 with a center frequency of 8 GHz.
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Perhaps the most interesting part about this antenna’s behavior is shown in Fig. 5.3. Similar
to the free space half triangle case, each radiation pattern is tilted to some extent. However, the
lower frequencies provide more tilt than the higher frequencies. This is because the surface current
densities at the higher frequencies would be concentrated around the center of the arms, which in
turn tends to make the antenna electrically symmetric with the presence of the ground plane. The
peak gain of the antenna is 4.61 dBi and a tilt of 12° at 7 GHz.
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Fig. 5.3: Selected radiation patterns for the printed AHTB antenna in Fig. 5.1 at the frequency of (a) 7 GHz (b) 8
GHz

The surface current distribution for this antenna is shown in Fig. 5.4 at 7 GHz, where the
peak intensities of the surface current on the AHTB arms clearly create a tilted equi-phase line,
based on which a tilted beam is formed. As per the representative radiation patterns shown in Fig.
5.3, this tilted beam lines up with the antenna’s equi-phase line. Several studies can be done on
this new antenna in order to show its operation better. The first will be a parametric study on the
original subtended angle. The next will be on the flare angle of the ground plane.
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Fig. 5.4: Surface current distribution for the printed AHTB antenna in Fig. 5.1 operating at 7 GHz.

5.2.1. Parametric Study on the Half-Subtended Angle
In the free space cases, α was the only parameter to have an effect on the tilted radiation
pattern. It controlled the equi-phase line of the antenna, and therefore the resultant radiation
patterns. Ideally, this should still be the case for the printed bowtie antenna as the design was
adapted to this new structure. Because the antenna arms are still cut in half and are defined by this
angle α, the antenna should have an asymmetric current distribution that controls the equi-phase
line. The addition of the ground plane structure should enhance this behavior to provide a
unidirectional, tilted radiation pattern. For the printed half-bowtie antenna under investigation, the
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opening angle will be kept between 20° and 40° to avoid overlapping one of the arms with the
ground plane.
Figures 5.5 through 5.7 demonstrate the effects of varying α on the |S11|, radiation pattern,
and surface current distributions. All parameters specified in Fig. 5.1 were kept the same while α
was swept from 20° to 40° with 5° steps.
In Fig. 5.5, the impedance bandwidth of the antenna increases throughout the testing
sequence. The upper frequency remains roughly the same, around 9.2 GHz. However, the lower
frequency decreases with each iteration down to a minimum of 6.7 GHz for α/2=20o. This behavior
is in line with the previous results, where larger α lowered the frequency range of the antenna. The
wider angles in the half-bowties also lower impedances, which are better matched and thus allow
the antenna to achieve such a wider bandwidth.
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Fig. 5.5: |S11| of the printed AHTB in Fig. 5.1 antenna using 10° ≤ α/2 ≤ 20°. All design parameters were held
constant while α was varied.

Fig. 5.6 demonstrates the tilting capabilities for the various α operating at 7 GHz. While
the radiation pattern is tilted at each angle, there does not seem to be much change in direction of
the maximum radiation as seen in the free space cases. This is due to the presence of the ground
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plane, which also contributes to the overall tilt angle. The maximum tilt achieved here is 13° with
a gain of 4.6 dBi.
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Fig. 5.6: Radiation patterns of the printed AHTB antenna in Fig. 5.1 with various α operating at 7 GHz. (a) α/2 = 15°
and (b) α/2 = 20°

Fig. 5.7 demonstrates the asymmetric bowtie’s surface current distributions at the
frequency of 7 GHz, when α equals 20o and 40o. Focusing on the bowtie arms, the distribution for
the larger α does seem to mimic that of the free space antennas with a distinct tilted equi-phase
line. However, this does not translate to a greater tilt as seen previously in Fig. 5.6. Now, the
radiation due to the ground plane results in a fixed tilt main beam that does not depend much on
the opening angle of the bowtie.
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(a)

(b)

Fig. 5.7: Surface current distributions of the printed AHTB antenna in Fig. 5.1 with various α operating at 7 GHz.
(a) α/2 = 10°. (b) α/2 = 20°

5.2.2. Parametric Study on the Flare Angle β

Unlike the free space cases, there is a ground plane incorporated into this antenna design,
which has a significant impact on the beam shape and impedance matching. Increasing β does two
things. First, it changes the angle of the reflector which will change the direction of the reflected
power. Secondly, this design is capable of making a larger ground plane which will have an impact
on the impedance bandwidth of the antenna as well as backlobe reduction.
Figures 5.8 through 5.10 demonstrate the effects of varying β on the |S11|, radiation pattern,
and surface current distributions. All parameters, as specified in Fig. 5.1, were kept the same while
β was swept from 10° to 30° in 10° steps.
The |S11| results in Fig. 5.8 shows the impact of β on the impedance bandwidth of the
antenna. Smaller β values result in better matching for these antenna parameters. The bandwidth
almost disappears at β = 40° and would not be a desirable outcome. In contrast, a β = 20° scenario
actually increases the impedance bandwidth but shifts the upper and lower frequencies.
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Fig. 5.8: |S11| of the printed AHTB antenna with various β values. All other parameters were kept at their original
values from Fig. 5.1.

The beam shape across the sweep tends to change less drastically than expected over the
various angles. This can be seen in Fig. 5.9, where both β values of 20o and 30o produce similar
radiation patterns. Upon further observation, the larger β angle provides less tilt than the smaller
β. This demonstrates the shaped ground plane’s interaction with the radiation pattern. As the
ground plane becomes larger, there is more induced current on the ground plane which causes
radiation that counters the tilted main beam. Furthermore, the larger β has no significant impact
on the front-to-back ratio. Therefore, it seems that small β is the best scenario for this type of
antenna. The maximum tilt provided by these antennas was 12° with a gain of 4.57 dBi with β =
20°.
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Fig. 5.9: Radiation patterns of the printed AHTB antenna in Fig. 5.1 operating at 7 GHz with various β values. (a) β
= 20° and (b) β = 30°.

Fig. 5.10 shows the current distributions on the antenna at the frequency of 7 GHz. A shown
by the β = 40° case, there is greater interaction with the ground plane along its edges. This would
give the ground plane a greater chance to affect the radiation patterns, which tilts the pattern back
towards the boresight direction. As shown in the previous figure, the impact that this interaction
has on the tilted radiation pattern is minimal. Therefore, β only has a significant impact on the |S11|
parameters which can be used to help tune the matching network for the antennas.

(a)

(b)

Fig. 5.10: Surface current distributions of the printed AHTB antenna in Fig. 5.1 operating at 7 GHz with (a) β = 20°
(b) β = 40°.
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5.3. Summary
The printed half triangle bowtie antenna and focused study on its defining parameters have
shown the merits of this new antenna. First, the free space technique was easily applied to a printed
structure to make a unidirectional radiation pattern. For each study there was a clear tilted main
beam with reduced back lobe radiation. Furthermore, the impedance bandwidth of the antenna was
increased in comparison to the free space antenna designs thanks to the matching network for the
antenna. The maximum gain was 4.59 dBi at a tilt of 10°. However, the main takeaway is that the
antenna pattern was unidirectional and tilted across a large frequency band, which is an
improvement over the engineered material.
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6.CHAPTER 6

BROADBAND PRINTED ASYMMETRIC HALF-ELLIPSE ANTENNA

6.1. Introduction
In the free space analysis, changing from the triangular geometry to the elliptical geometry
showed a great improvement in impedance bandwidth with similar radiation patterns. The change
removed the asymmetric dispersive corners as well as increased the surface area of the antenna
which allowed for a more stable radiation pattern and increased bandwidth at the cost of decreased
tilt. However, the magnitude of tilt that was achieved was still reasonable for the structure size. If
the same change is applied to the previous printed AHTB antenna, then there would be similar
results to the free space cases, primarily widening the bandwidth and removing the sharp dispersive
corners.

6.2. Printed Asymmetric Half Ellipse Bowtie Antenna on Rogers 6010 Substrate
Replacing the triangular geometry with the elliptical one introduces a small design
problem. This problem lies in how the antenna arms are connected to the transmission line. The
triangular elements connect directly to the transmission line with a small inset. Originally, this
allowed the design to keep as much symmetry as possible in order to prevent dispersion effects
from interfering with the radiation pattern. The inset triangular elements have a small connection
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at the transmission lines, and these tend to stay small for different subtended angles. However, the
elliptical geometry’s shape is defined by its axial ratio and at higher axial ratios the antenna
elements have lopsided connections. At wider axial ratios, the bottom element has greater surface
area to connect with the transmission line. This in turn affects the current distribution significantly
and this would alter the equi-phase line and matching. Therefore, it is preferable to keep this
connection as small as possible. The printed half-ellipse antenna is displayed in Fig. 6.1, where
there is a small overlap between each arm and its respective transmission line on the top and bottom
layers. This allows for greater axial ratios to be used while maintaining an even current distribution
for the equi-phase line.

Top Layer

Bottom Layer

Fig. 6.1: Detailed antenna geometry of the printed AHEB antenna on the Rogers 6010 substrate. hfeed = 6.23mm,
hinput = 14mm, wfeed = 0.3821mm winput = 0.5923mm, want = 4.8mm, wsub = 40mm, hsub = 34mm, hgnd = 21.21mm, β =
20°, and AR = 2.0.

The |S11| results in Fig. 6.2 demonstrate the larger impedance bandwidth of this antenna.
For the frequencies of interest, the antenna maintains lower than -10dB throughout the frequency
range from 6.4 GHz to well above 9.5 GHz, which translates to a fractional bandwidth of greater
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than 44%. This is expected behavior since the swap from triangular to elliptical geometry caused
the antennas in free space to have an improved bandwidth.
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Fig. 6.2: |S11| of the printed AHEB antenna pictured in Fig. 6.1.

Fig. 6.3 shows the radiation patterns from the lower end of the frequency sweep. Just like
the triangular geometry, the elliptical antenna maintains the same tilting magnitude across its
frequency range. Furthermore, the antenna has a slightly larger front-to-back ratio of around 10
dB. This is due to the smaller backlobe radiation as well as increased gain in main lobe of 4.9 dBi.
Additionally, the degree of tilt has increased slightly, improving to around 15°.
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Fig. 6.3: Radiation patterns of the printed AHEB antenna in Fig. 6.1. Shown here are (a) 6.5 GHz (b) 7.0 GHz and
(c) 7.5 GHz operating frequencies.
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The surface current along the antenna element, shown in Fig. 6.4, remains asymmetric.
This causes the antenna pattern to be tilted just as it has been shown previously. When compared
with the triangular geometry, this antenna is able to achieve a greater tilt. This is due to the
antenna’s more efficient geometry allowing the larger axial ratios to be used without increasing
the induced current on the ground plane.

Fig. 6.4: Surface current distribution of the printed AHEB antenna in Fig. 6.1 operating at 7 GHz.

As with the triangular geometry, several parametric studies can be performed in order to
showcase the merits of this new design. Mainly, increasing the axial ratio should increase the
magnitude of tilt and altering the value of β will affect the beam shape, front-to-back ratio, as well
as the impedance bandwidth. Each of these studies are comparable to the triangular case studies
and should prove that this new geometry is a significant improvement over the triangular antenna.

6.2.1. Parametric Study on AR
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Similar to the free space AHEB, the printed version’s axial ratio will control the magnitude
of tilt. This has been proven to change the current distribution on the elliptical geometries similarly
to the previous designs, therefore tilting the radiation pattern. Furthermore, changing the AR will
also change the location of the impedance bandwidth and its width. For this study, the AR will be
swept from 0.5 to 2 in order to mimic the free space results. The results of this test are summarized
in Figs. 6.5 through 6.7.
Fig. 6.5 demonstrates the effects of the change in AR on the |S11| characteristics. As shown
in all previous testing, the bandwidth shifts up as the smaller axial ratios are realized. Furthermore,
the wide bandwidth from the previous triangular antenna is preserved throughout the axial ratio
sweep. From the sweep, there does not seem to be any decrease in bandwidth for any case.
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Fig. 6.5: |S11| for the printed AHEB antenna in Fig. 6.1 with various axial ratios. The antenna design parameters
were kept constant except for the change in axial ratio.

In Fig. 6.6, the antenna demonstrates the tilt shift that was associated with the free space
antennas. At the lowest axial ratio, there appears to be little tilt evident in the associated pattern.
However, with larger AR the pattern shifts to the right until it obtains is maximum value of 15°.
Furthermore, there is an increase in gain peaking to 5.3 dBi. In some cases, the antenna is able to
yield a front-to-back ratio greater than 10 dB which is highly desirable. It was shown in the free
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space geometries that a swap from triangle to elliptical geometry resulted in smaller gain.
However, the ground plane has a great impact on the antenna’s gain which helps to make up this
loss in gain.
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Fig. 6.6: Radiation patterns for the printed AHEB antenna in Fig. 6.1 for various axial ratios at 7 GHz.
(a) AR = 0.5 (b) AR = 1.0 (c) AR = 1.5 (d) AR = 2.0.

Fig. 6.7 shows that the asymmetric current distribution is much more pronounced with the
elliptical geometry. Clearly, the AR = 2.0 case provides a greater tilt of the equi-phase line.
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Meanwhile, the surface currents along the ground plane are more prominent on the larger axial
ration. However, this larger induced current appears to have minimal effect on the radiation
patterns as the AR = 2.0 iteration produces the greatest tilt.

(a)

(b)

Fig. 6.7: Surface current distribution for the printed AHEB antenna using various AR and operating at 7 GHz.
(a) AR = 0.5 and (b) AR = 2.0.

6.2.2. Parametric Study on β
In order to confirm the effect of β on the radiation patterns and impedance bandwidth,
another test will be performed similar to that of the triangular antenna. Objectively, not much has
changed. The angle of β still controls the ground plane which should affect impedance as well as
front-to-back ratio. From this, it can be assumed that β will have the same effect as in the triangular
antenna case. For this test, an axial ratio of 2 will be used while maintaining all other antenna
dimensions from Fig. 6.1 using 10° ≤ β ≤ 30°.
The |S11| chart in Fig. 6.8 demonstrates the same behavior that was seen by the printed
AHTB antenna. However, the elliptical antenna is capable of maintaining a respectable impedance
bandwidth throughout the entire sweep. The β = 30° case for the triangular antenna had virtually
lost all of its impedance bandwidth, whereas here it is barely maintained. This confirms that β has
a significant impact on the impedance bandwidth of the antenna.
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Fig. 6.8: |S11| for the printed AHEB antenna in Fig. 6.1 with 10° ≤ β ≤ 30°.

Fig. 6.9 shows the effect of β on the antenna radiation characteristics. As β gets larger,
there is a significant impact on the front-to-back ratio of the antenna as well as affecting the beam
shape of the antenna. The antenna can easily achieve a 10 dB front-to-back ratio that is desirable
for base station use. Unfortunately, β does not improve the tilted aspect of the radiation pattern.
However, the improvements to the front-to-back ratio and impedance bandwidth make the shaped
ground plane a better candidate over the flat ground design.
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Fig. 6.9: Radiation patterns for the printed AHEB antenna in Fig. 6.1 for various β operating at 7 GHz. (a) β = 10°
(b) β = 20° (c) β = 30°.
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Finally, Fig. 6.10 shows the current distribution of the antenna where there seems to be no
significant change on the antenna arms. However, the distribution along the edges of the V shows
that the ground plane has increased induced current when β=30o. This could produce interference
with the tilted radiation pattern of the antenna forcing the antenna to lose some of the tilted
radiation pattern shown in the free space designs.

(a)

(b)

Fig. 6.10: Surface current distributions for the printed AHEB antenna in Fig. 6.1 for various β operating at 7 GHz.
(a) β = 10° (b) β = 30°.

6.3. Printed Half Ellipse Bowtie Antenna on Rogers 5880 Substrate
Due to the better impedance matching, operational bandwidth, and the more consistent
tilted radiation patterns, the printed half-ellipse bowtie antenna will be printed and used for real
world testing. However, the antenna in its current state is too small to be manufactured due to its
small transmission line thicknesses. In order to make them larger, a different dielectric with a lower
permittivity needs to be used. The square root of the ratio between the two values of permittivity
will provide a scaling factor that will allow for a larger antenna while maintaining similar behavior.
By using a Rogers 5880 [37] with a relative permittivity of 2.2 instead of the Rogers 6010 [38]
whose relative permittivity is 10.2, the design can be scaled up by 2.15 in order to achieve a more
manufacturable antenna.
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Electric permittivity is not a linear property and does not scale evenly across every
parameter. This means further tuning is needed in order to restore the previous design’s functions.
This is primarily done by manipulating the transmission line lengths and thicknesses in order to
restore the original bandwidth of the antenna. Thankfully, the shaped ground plane can also be
used to tune the impedance bandwidth since it does not have a large impact on the antenna’s tilted
radiation patterns.
This results in the transmission line thicknesses increasing up to four times their original
size in order to compensate for the non-linear material property. Additionally, a large β value of
30° is obtained. These two properties maintain the bandwidth of the antenna while lowering the
frequency of operation. The substrate thicknesses have also increased twice their original
dimensions. Furthermore, the thickness of the dielectric substrate has been increased from 0.64mm
to 1.54mm to accommodate standard sample thicknesses provided by Rogers.
There are some side effects to having these larger transmission sizes. By far the most
important is the increase in antenna gap width. While the impact of the gap width was minimal in
the free space results, in the printed version the overall antenna length becomes larger. This allows
the impedance bandwidth to shift even lower. Fortunately, the lower operating frequencies tend to
have better radiation patterns, as seen in the free space results, and the calculated results seen in
Fig. 6.3 prove this trend.
As can be seen from |S11| result in Fig. 6.11, the antenna is able to achieve a wide bandwidth
at a lower frequency of operation. This further builds up the case that the new antenna geometry
is easy to apply and tune to previous designs and various operational frequencies. The bandwidth
here is nearly 1.7 GHz with a center frequency of 4.75 GHz, resulting in a 38% fractional
bandwidth.
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Fig. 6.11: |S11| for the scaled printed AHEB antenna. The design parameters in Fig. 6.1 have been changed to hfeed =
16.9mm, hinput = 35.55mm, wfeed = 2mm, winput = 3mm, want = 11mm, wsub = 86mm, hsub = 73.1mm, and hgnd =
57.8mm with an AR = 2.0 and a β = 30°.

The radiation patterns presented in Fig. 6.12 are a significant improvement over the other
antenna designs. These radiation patterns maintain the high front-to-back ratio while achieving
significantly greater tilt. Whereas the old design could achieve a 15° tilt maximum, this antenna is
capable of tilting to 30° and more. Meanwhile, there is negligible loss in gain resulting in a
maximum of 4.6 dBi with the maximum tilt.
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Fig. 6.12: Radiation patterns for the scaled printed AHEB antenna using the Rogers 5880 substrate. (a) 4 GHz (b)
4.5 GHz (c) 5 GHz frequencies.
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Fig. 6.13 demonstrates that the asymmetric current distribution of the antenna element still
exists. Unlike the previous antennas, there is less surface current utilization of this antenna which
leads to less induced current on the ground plane.

Fig. 6.13: Surface current distribution along the scaled printed AHEB antenna operating at 4.5 GHz.

This new scaled antenna has results similar to the previous design, which proves that this
design works effectively and can be scaled up or down to suit the design needs. By scaling up this
antenna, the operating range decreased and location of bandwidth shifted lower, as expected, by a
similar scaling factor. The antenna has an operating range from 3.8 GHz to 5.6 GHz, achieving a
38% fractional bandwidth with a center frequency at 4.75 GHz.
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6.4. Summary
The results from this chapter help to confirm three objectives. The first was to observe a
tilted radiation pattern by creating an asymmetric current distribution along the antenna arms. The
second was to confirm the bandwidth increase provided by the elliptical geometry. And finally,
the effects of the shaped ground plane caused a greater front-to-back ratio for the antenna as well
as augmented the matching capabilities of the antenna. These three objectives have been proven
numerous times in these and other tests throughout each chapter. While further improvements and
observations on how β, α, and AR interact with each other could be done, the theory has been
proven and a practical antenna has been designed and reported in section 6.3 of this chapter. This
best performing antenna is capable of achieving a 45° tilt with a gain of approximately 5 dBi, a
fractional impedance bandwidth of 38% at 1.7 GHz, and around a 10 dB front-to-back ratio. This
antenna design will be fabricated and experimentally tested in order to observe the antenna’s realworld behavior.
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7.CHAPTER 7

MEASUREMENT RESULTS

The antenna presented in Section 6.3 was designed to be manufactured and tested
experimentally. Therefore, a sample of the Rogers 5880 substrate [37] was taken to Advanced
Circuitry International [39] and the design was etched onto the double clad substrate. All the
parameters were kept the same with one minor exception. During the drafting process, the antenna
elements were swapped around. This led to the antenna having the radiation patterns emitted 90°
in the other direction from the previous simulation testing. In theory, swapping the antenna
elements should only affect the direction of the radiation, and this was the case when observing
the simulated and measured results for the new design. Since these results match the previous
design’s results but mirrored along the vertical axis, they will not be presented here. The fabricated
antenna is shown in Fig. 7.1 with an SMA probe connected.
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Top Layer

Bottom Layer

Fig. 7.1: Final printed half ellipse bowtie antenna etched on a Rogers 5880 substrate. The antenna dimensions are
matched to those presented in Fig. 6.11.

Fig. 7.2 shows promising behavior for the fabricated antenna design. The |S11|
measurements are nearly identical to the bandwidth of the simulated antenna. The antenna
maintains its wide 38% impedance bandwidth from the simulated design.
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Fig. 7.2: Experimental |S11| overlaid on the simulated results for the printed scaled AHEB antenna. The bandwidth of
the fabricated antenna is identical to that of the simulated antenna.
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Representative measured and simulated radiation patterns are plotted in Fig. 7.3, at the
selected frequencies of 4, 4.5, and 5 GHz. They are closely matched to each other. Such close
agreement provided by the simulation tool and the measurement tool confirms the half-ellipse
shape is crucial to the tilted radiation pattern. Additionally, the pattern shape and beam tilt remain
the same in real-world testing providing around 40° maximum tilt for the experimental antenna.

(a)

(b)

(c)

Fig. 7.3: Experimental radiation patterns overlaid on the simulated radiation patterns for the printed scaled AHEB
antenna shown in Fig. 7.1 at (a) f=4GHz, (b) f=4.5GHz, and (c) f=5GHz.

It is worth mentioning that the proposed asymmetric half-bowtie shape can tilt the radiation
patterns to various degrees depending on the geometry. Additionally, the amount of tilt and useable
bandwidth is greater than those of the EBG materials reported at the beginning of the study
providing the asymmetric bowtie antenna more flexibility when being implemented in various
designs.
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8.CHAPTER 8

CONCLUSIONS AND FUTURE WORK

8.1. Conclusions
•

The results presented here have shown that a tilted, directive main beam can be achieved

without the use of metamaterial loading. The basic premise relies on the asymmetric current
distribution caused by the geometric change proposed in Chapter 4 for the free space antennas.
Here, it was shown that the antenna’s geometry could provide this asymmetric current distribution
and change the antenna’s equi-phase line. Two antenna types, triangular and elliptical, were tested
to view the impact of the asymmetric current distribution on the radiation patterns, where it was
found to tilt the radiation patterns of these antennas up to 48°.
•

Next, these antennas were adapted to a new, printed structure in order to achieve a feasible

antenna. This design was based off of previously reported technique on printed full-arm bowtie
antennas with unidirectional radiation patterns, and to demonstrate the effect of the ground plane
on the antenna. The results show that the ground plane has a significant effect on the antenna’s
|S11| results and beam shape. However, the tilt achieved by using this structure was severely
reduced for the triangular antenna. Further studies on the various antenna parameters proved that
the greatest determining factor when it comes to a tilted radiation pattern was α, just like in the
free space cases.
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•

When transitioning over to the elliptical geometry, the antenna was able to increase the

impedance bandwidth similar to the free space geometries. It also provided slightly better
tiltedresults. However, these results were far from the free space results leading to the conclusion
that there must be some other factor preventing a highly tilted main beam. Despite this, the
elliptical geometry provided an improvement in terms of front-to-back ratio as well as beam shape
thanks to the elliptical antenna’s superior geometry. The elliptical printed antenna provided the
largest gain out of all antennas tested peaking over 5 dBi which is exceptional for a single element
antenna.
•

This elliptical geometry was then readily scaled up to utilize the new structure in lower

frequency ranges. It provided a greater tilted magnitude than the smaller antennas. In addition, the
front-to-back ratio and gain were comparable to the smaller antenna. These results conclude that
this geometry can provide a tilted, unidirectional main beam across multiple frequencies,
something that an engineered material could not achieve.
•

Finally, the experimental results for this scaled antenna showed excellent |S11| matching

when using a VNA outside of an anechoic chamber. This result should allow for the possibility of
excellent experimental radiation patterns when tested inside an anechoic chamber.
•

Overall, a printed half-bowtie antenna has been presented that has a tilted, unidirectional

main beam with a front-to-back ratio of 10 dB. The amount of tilt achieved was 40° with a
maximum gain of 4.9 dBi. This antenna has a wide bandwidth which is significantly greater than
that provided by the previous loaded EBG antenna. This allows next generation base station
antennas to have an electronically tilted beam, thereby removing the mechanical tilting apparatus
that is used in today’s base stations. This makes the design more cost effective and easier to
maintain while still providing fast wireless access to the demanding client base.
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8.2. Future Work:
•

Further study on this antenna should take the current printed design and add more element

directors to the feed lines. This is similar to the antenna presented in [13], where the antenna is
considered a Quasi-Yagi structure. By adding more directors to the antenna, the main beam will
be more directive with higher gain. It is also hypothesized that the extra elements would increase
the operational bandwidth.
•

More study should be focused on how other antenna shapes react to the half bowtie

structure. This can include quadrature, rounded “snow cone” triangular antennas, as well as other
geometric shapes that have an axis of symmetry. These different shapes may help increase the
effective tilt of the bowtie antenna using less area. This would allow the structure to be more
compact or have a greater effective tilt.
•

Additionally, some experimentation involved with combining the EBG metamaterial

structure with this new antenna might showcase the effectiveness of these two designs. Even
though the EBG metamaterial was not capable of having a wide bandwidth, it still had a significant
impact on the antenna’s tilt as well as directivity. This new bowtie structure could enhance this tilt
even further since the EBG material would tilt the beam even further.
•

Further study should include the reconfigurability aspect for the bowtie antennas. It was

already shown here that different geometrical parameters control the antenna’s radiation patterns.
Therefore, if the antenna is loaded with various PIN diodes that are controllable by the base station,
the geometrical aspect can be controlled allowing for the base station antenna to adjust its tilt.
•

Finally, several printed antenna designs should be tested in an array configuration to see

how each of the antennas react with each other. Since base stations use multiple antennas in an
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array configuration, this type of testing would predict the mutual coupling between the antenna
elements and how the tilted beam react with each other. This would provide a complete picture of
how the antennas would work in the environment they were designed for.
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